The oncogene GOLPH3 is implicated in Golgi size regulation, a function yet to be experimentally linked to its PI4P effector function or the Golgi cisternal maturation in general. Moreover, its yeast homolog, Vps74p
The oncogene GOLPH3 is implicated in Golgi size regulation, a function yet to be experimentally linked to its PI4P effector function or the Golgi cisternal maturation in general. Moreover, its yeast homolog, Vps74p is not yet implicated in Golgi size regulation. Our results indicate that VPS74 deletion increases the late Golgi cisternal size and the cisternal maturation frequencies, and destabilizes the Golgi PI4P gradient in budding yeast. Overexpression of Arf1 can suppress this cisternal enlargement and increased maturation frequency phenotype of Δvps74. Δarf1 alters Vps74p and PI4P distribution along the Golgi stacks. We conclude that Vps74p, the downstream effector of Arf1, regulates Golgi size by altering its cisternal maturation frequency and by maintaining the PI4P distribution along the Golgi compartments.
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The exact mechanisms that regulate size and shape of intracellular organelles are poorly understood. Few recent studies have tried to understand the underlying mechanisms involved in organelle size regulation [1] [2] [3] [4] [5] [6] . Usually, an organelle can alter its size in either of the two ways. One, the organelle can adjust the amount of its internal content. For example, nuclear size can be influenced by alteration of nucleo-cytoplasmic transport [2] . Alternatively, the organelle can change its surface area by forming vesicles or tubules at the bordering membrane. Golgi being a dynamic organelle may fit into the latter category.
The Golgi apparatus is composed of several independent membrane-bound structures called cisternae that show evidence of lateral interconnections, fenestrations, and tubulation [7, 8] . This complex architecture poses a challenge to find a simplistic hypothetical solution for its size regulation. At present, the wellaccepted model for Golgi biogenesis supports the continuous formation of Golgi cisternae from endoplasmic reticulum (ER) exit sites by cisternal maturation [9, 10] .
Previously, we have shown that a Golgi-resident GTPase, Arf1 can regulate the Golgi maturation rate and thereby possibly control Golgi size [1] . However, the exact mechanism by which Arf1 controls cisternal maturation is still unknown. Arf1 is known to be a multifunctional protein and has many effector molecules [11] . So, it is possible that Arf1 can regulate Golgi size in multiple ways through different effectors. To explore this issue, we need to find first such additional factors that regulate the Golgi size and further investigate their relation to Arf1.
Arf1 can induce membrane curvature [12] [13] [14] , a function may depend on the membrane limitation, that in turn might play a vital role in organelle size regulation. Limiting the phospholipid pool by decreasing PI4KIIa expression shows expanded Golgi phenotype [15] . PI4K regulates budding of vesicles while PtdIns4P binding effector proteins mediate Golgi membrane dynamics [16] . Being a primary effector of PI4P [16, 17] , Vps74p restrict PI4P to trans Golgi network (TGN) and copackage it with early Golgi-resident Abbreviations ER, endoplasmic reticulum; TGN, trans Golgi network.
proteins into COPI-coated retrograde vesicles. Thus, Vps74p is known to be directly involved in sorting COPI cargos [18] [19] [20] , while COPI function requires Arf1. Arf1 and COPI are also known to regulate cisternal maturation [1, 21] . Based on this, one may conclude that Arf1 and Vps74 must 'function in coordination' to regulate cisternal maturation rate as well as the Golgi size. For verification of such a statement, we first experimentally need to show that Vps74 indeed regulates Golgi size.
Although the oncogene GOLPH3, the human homolog of VPS74 [22, 23] was implicated in Golgi size control [24] , the attempt to associate Vps74p to the Golgi size regulation was unsuccessful [16] . Moreover, the proposed mechanism of GOLPH3 for regulation of Golgi size was not linked either to its PI4P effector function or the Golgi cisternal maturation. Instead, a complex mechanism was reported involving myosins and cytoskeleton structures [24, 25] .
Arf1 is requisite for recruitment of PI4 kinase to the Golgi membrane and also essential for the synthesis of PI4P [26] . The ultrastructure of Golgi morphology observed in the case of the pik1 ts mutant was similar to that of arf1 mutant [27] . We can hypothesize that Arf1 may regulate the Golgi size through such PI4P effectors, like Vps74p which itself may control the machinery of vesicle budding at Golgi [16] . If this hypothesis is correct, then deletion of VPS74 should also cause alteration of Golgi cisternal size in the same way as ARF1 deletion [1, 28] . We found that deletion of VPS74 causes large cisterna phenotype in the twocolor Golgi strain that harbors early and late cisterna marked with green and red fluorescent fusions.
We showed that deletion of VPS74 increases late cisternal size, maturation frequencies, and homotypic fusion of late cisterna. Arf1 overexpression in the Δvps74 strain can suppress this phenotype, but it fails to affect the Golgi size in the wild-type strain. On the other hand, overexpression of Vps74p in the wild-type strain can reduce the Golgi cisternal size to some extent. VPS74 deletion also destabilizes the PI4P gradient in Golgi. Since Vps74 is one of the PI4P effectors [16] and PI4P synthesis is Arf1 dependent [26] , we hypothesize that Arf1 and Vps74p probably function in the same pathway to regulate the Golgi size, while Vps74p possibly functions downstream of Arf1.
Our results support the fact that multifunctional Arf1 can regulate Golgi size in many different ways through its different effectors. Vps74p being one of such effectors controls the Golgi size by namely two mechanisms: regulating cisternal maturation and maintaining the PI4P gradient in Golgi by restricting PI4P in TGN directly or indirectly.
Materials and methods

Yeast strains and plasmids
All the primers that were used are listed in Table 1 . All the strains were derived or created from parent wild-type haploid Saccharomyces cerevisiae strain, JK9-3d and are listed in Table 2 . GFP-tagged Vrg4 and 6XDsRed-tagged Sec7 were used for gene replacement to make JK9-GFP Vrg4-Sec7 6XDsRed, while Gea2-3XGFP and Sec7-6XDsRed were used to make JK9-Gea2-3XGFP-Sec7-6XDsRed. Endogenous Vps74 gene or region 67-345 of Vps74 was replaced with either KanMx6 or URA3 cassette. All wildtype and mutant yeast strains were maintained in YPD media at 30°C/200 rpm in the baffled flask. Primer-Vps74-Kan-Fw and Vps74-Kan-Rv were used to generate Vps74 gene disruption cassette. For deleting a 67-345 region of Vps74, primer Vps74-67-Leu Del-F and Vps74-Kan-Rv were used. pUG6 (Kan + ) or pUG72 (Ura + ) was used as a template for PCR-based generation of the gene disruption cassette. This cassette was then transformed into appropriate strains, and subsequently, the transformants were screened by G418 (200 lgÁmL
À1
) or SD Ura -selection.
Gea2 was tagged at its C terminus with 3XGFP. RER1 was tagged at N terminus with 3XGFP. The endogenous RER1 was replaced with 3XGFP-RER1 by homologous recombination, and the additional homologous fragment of RER1 was then cured by plating on SD plate containing 5-Fluoroorotic acid. A strain containing 3XGFP Rer1 as the early marker was grown at 23°C and this temperature was also maintained while acquiring images.
YIPlac204-T/C-iGFP-PH (OSH1) plasmid and the pik1-83 ts strain was a kind gift from Benjamin Glick (University of Chicago, IL). Episomal copy of wild-type VPS74 and mutant Vps74-6AAA8 was prepared as follows: Endogenous VPS74 gene was amplified using primer vps74-5UTR-SalI-F and vps74-KpnI-R. It was digested at flanking SalI and KpnI site and subcloned in the YEplac195 vector at the same site. Episomal copy of VPS74 gene with mutation AAA at the 6-8th position was created in clone YEplac195 Vps74 by site-directed mutagenesis using primers Vps74 6-AAA-8 up and Vps74 6-AAA-8 bottom. When required, overexpressing plasmid was cured of the strain by plating on 5-Fluoroorotic acid. 3XGFP epitope was used to tag endogenous Vps74.
Imaging
3D imaging: Cells were mounted on glass coverslips treated with concanavalin-A (2 mgÁmL À1 ) using SD as a mounting medium. Imaging for Gea2-Sec7 dual color strain was done at 30°C using Leica SP8 confocal microscope. Cells were imaged using 63X objective with a scan frame of 256 9 150, pinhole 1 A.U., and galvo scanner enabled in the bidirectional mode having the speed of 700 Hz. Line averaging 2, 10X zoom, and a 0.3 lm optical section was maintained. Imaging for RER1-Sec7 dual color strain was done at 23°C, with 100X Objective, 1.2 AU pinhole, Galvo scanner in bidirectional mode at 400 Hz, averaging 2 and zoom 6.5X. 15-20 optical sections were captured at 6-8 s. For pik1-83 ts imaging, a permissive temperature of 22°C was maintained, while 37°C for the nonpermissive condition. 4D imaging was done using a Leica SP8 with frame 512 9 128, 63X objective, scan speed 1400 Hz, zoom 5, line averaging 2 and pixel size 70 nm. For all live cell movies, each Z stack was captured with time frame 4-5 s. For Jk9 Gea2 -6X DsRed GFP-Vrg4 strain (Fig. S1B) , frame 512 9 512 was used with zoom 4, line averaging 2, and pixel size 70 nm in LSM 710.
Image analysis
Images captured were opened in Imaris software, and the 3D surface was rendered for early and late cisterna by surface fill tool with an average diameter of 0.5 lm. Smoothing was done using a filter of radius 0.07 lm and enabled 0.5 lm split for touching surfaces. This step enabled quantification of the volume of cisterna signal captured. Twenty cells were imaged and quantified in a triplicate set.
The major X-Y plane of each early and late cisterna were measured in surpass mode of Imaris for randomly 10 cells of all strains to measure the size of cisterna. 4D images were opened in Image J and passed through a plugin 3D hybrid median filter to remove background noise and further bleach corrected.
Quantitative analysis of maturation parameters
All the quantification of maturation parameters was done using ten movies each of wild-type and Δvps74 with Gea2-3XGFP and Sec7-6XDsRed marker. Maturation parameters were quantified for mother cell. Cisterna number counted for 10 frames in a movie were averaged. Homotypic fusion frequency counted for 1-3 min (total 2 min) of the movie was converted to fusion event per minute. For persistence time Table 1 . Primers used in the study.
Sr. no. Primer name
Primer sequence 5 0 -3
Vps74 6-AAA-8 Up
calculations, the time point from which green signal appears (that marks the birth of a new early cisterna) was chased until it partially converts to a red signal (which is the formation of new late cisterna) and disappears. Cisterna undergoing fusion was excluded while calculating persistence time. Further, the late cisterna was chased until it disappears from the cell. The number of maturation events for 1-4 min (total 3 min) was viewed and converted to the number of events occurring per minute.
Colocalization measurement
'Coloc' tool in Imaris was used to determine the Pearson's coefficient. It was calculated using the threshold method for N = 30 cells.
Statistical measurement
Statistical analysis was done using the unpaired Student ttest. All graphs are plotted using GRAPHPAD PRISM.
Results
Golgi cisterna size increases in the vps74 deletion mutant GOLPH3, a potential oncogene has been associated with abnormal Golgi morphology [24] . VPS74 is the yeast homolog of GOLPH3. Although VPS74 share sequence homology with its mammalian counterpart, its functional homology concerning Golgi size regulation has not been reported yet.
In our previous study [1] , we have described several maturation parameters of Golgi that are affected when Golgi size is altered. Maturation frequency (number of early cisternae get converted to late cisternae per minute), persistence time (lifetime of early or late cisterna), and homotypic fusion frequencies (fusion events per minute for early or late cisterna) are such parameters. Together with Golgi cisternal volume and cisterna numbers, these 
JK9-3d
Mat a, leu 2-3, 112 ura -52 rme1 trp1 his4 2 JK9-GFP Vrg4-Sec7 6X DsRed Mat a, leu 2-3, 112 ura -52 rme1 his4 Sec7 6X DsRed :: TRP GFP-Vrg4 pop out 3 JK9-Gea2-3XGFP-Sec7 6X DsRed Mat a, leu 2-3, 112 ura -52 rme1 his4 Sec7 6X DsRed :: TRP Gea2-3XGFP pop out 4 JK9-Gea2-3XGFP-Sec7 6X DsRedvps74Δ
Mat a, leu 2-3, 112 rme1 his4 Sec7 6X DsRed :: TRP Gea2-3XGFP pop out vps74Δ ::
Mat a, leu 2-3, 112 rme1 his4 Sec7 6X DsRed :: TRP Gea2-3XGFP pop out arf1Δ ::
Mat a, leu 2-3, 112 rme1 his4 Sec7 6X DsRed :: TRP Gea2-3XGFP pop out arf1Δ :: kanMX6 vps74Δ::
Mat a, leu 2-3, 112 rme1 his4 Sec7 6X DsRed :: TRP Gea2-3XGFP pop out vps74 67-345Δ ::
Mat a, leu 2-3, 112 rme1 his4 Sec7 6X DsRed ::
JK9-Rer1-3X-iGFP-Sec7 6X DsRed Mat a, leu 2-3, 112 ura -52 rme1 his4 Sec7 6X DsRed :: TRP Rer1-3X-iGFP pop out
Mat a, leu 2-3, 112 ura -52 rme1 his4 Sec7 6X DsRed :: TRP Rer1-3X-iGFP pop out vps74Δ ::
Mat a, leu 2-3, 112 rme1 his4 Sec7 6X parameters represent the status of Golgi size regulation.
To validate whether Vps74p can regulate the Golgi size, we used a knockout method [29, 30] to study the effect of VPS74 deletion on Golgi. In our previous work, we have used Vrg4 as an early Golgi marker that did show homotypic fusion both in wild-type as well as in the Δarf1 background [1] . When we deleted VPS74 in a two-color Golgi strain labeled with GFP-Vrg4 and Sec7-6XDsRed, we observed that Vrg4 localization is dramatically altered (Fig. S1A) . It is possible that VPS74 deletion is affecting normal localization of Vrg4. So, for Vps74p studies, we concluded that we need to use different markers suitable to label earlier Golgi compartments; we selected Gea2 and Rer1 to do so.
Rer1 is well established as an early marker [31] . When we deleted Vps74 in this dual color strain expressing 3XGFP-Rer1 and Sec7-6XDsRed, we see Sec7-labeled compartments become much larger as evidenced by both average cisternal volumes and average cisternal diameter measurements (Fig. 1A,B) . We got similar results with Gea2-3XGFP and Sec7-6XDsRed strain (Fig. 2) . The result shows that VPS74 deletion causes an increase in late cisternal size ( Fig. 2A-C) , but a decrease in the number of late cisternae (Fig. 2D) .
We noted that Gea2-labeled domain matures into Vrg4 domain in a Gea2 Vrg4 double-labeled strain (S1B) which suggests that Gea2 is an earlier marker than Vrg4 regarding temporal maturation scale. However, some groups suggested that Gea2 labels the medial compartments. We have also observed that the Gea2-labeled domain mature into Sec7 domains in a Gea2 Sec7 double-labeled strain (Fig. 2H) . Taken all these into account, we realized that Gea2 at least can be safely used to mark earlier Golgi compartments that mature into Sec7-labeled compartments. It is to be noted that though, the use of any compartment marker which is not an integral membrane protein is associated with one risk: acquisition or loss of these markers might not reflect a complete maturation process. However, it is of general concern for all such markers so far used for cisternal maturation studies [9, 10] . Gea2 signal was much brighter and long-lived than Rer1, a criterion crucial for Fig. 1 . Deletion of oncogene homolog VPS74 causes an increase in cisterna size. (A) Cells expressing 3XGFP-Rer1 and Sec7-6XDsRed in wild-type and Δvps74 strains were grown at 23°C until log phase. Confocal images were captured using a Leica SP8 microscope under 100X objective with zoom factor 6.5 and single optical Z spacing of 0.3 lm. Images were deconvoluted by Huygens pro, projected by IMAGEJ (U. S. National Institutes of Health, Bethesda, MD, USA). Representative image of the strains is shown. Scale bar is 1 lm. (B) Imaris Bitplane software was used to render the 3D surface to quantify cisterna volume (N = 60), and the diameter was measured using a line tool in slice mode (N = 10). The graphs represent the average cisternal volume and diameter of 3XGFP-Rer1 and Sec7-6XDsRed. Values represent mean AE SEM. Student t-test was performed ***P-value < 0.05. Fig. 2 . Effect of VPS74 deletion on Gea2 and Sec7 cisterna size and maturation parameters. (A) Wild-type and Δvps74 strains expressing Gea2-3X GFP and Sec7-6XDsRed were grown at 30°C until log phase. Confocal images were captured using a Leica SP8 microscope under 63X objective with zoom factor 10 and single optical Z spacing of 0.3 lm. Images were deconvoluted by Huygens pro, projected by IMAGEJ. Representative images are shown. Scale bar is 1 lm. (B) The 3D surface was rendered using Imaris tool to quantitate volume. Average volume (N = 60) and average X-Y diameter (C) were plotted (N = 10). There is a significant increase in Sec7 volume (P = 0.0024) and diameter (P < 0.0001), which was restored to wild-type by expression of the YEplac195 Vps74 plasmid in the vps74 null mutant. Error bar indicates SEM (standard error mean). (D) Wild-type and Δvps74 strains were grown at 30°C till log phase and 4D movies were taken using Leica SP8 under 63X objective with scan frame 512 9 128 and zoom factor 5. The early cisterna and late cisterna number were counted in wild-type and Δvps74 cells for ten frames and averaged. Values represent mean AE SEM (N = 10 movies), Student t-test was performed ***P-value < 0.0001. (E) 4D movies were analyzed for a time frame of 1-4 min. The number of maturation events were observed and rounded off to events occurring per min for 10 movies. The maturation frequency of Dvps74 strain was increased (P = 0.0086) compared to wild-type. (F) The fusion events for time frame 1-3 min were converted to the number of events per minute. Thus, the average homotypic fusion frequency event for Gea2 and Sec7 cisterna in wild-type and Dvps74 cells were calculated. N = 10 movies. There was a significant increase in late cisterna fusion frequency (P = 0.0090) in Dvps74 compared to wild-type. (G) The persistence time of Sec7 and Gea2 cisterna for WT and Dvps74 was calculated using 4D movies, which was found to be unchanged for Dvps74 and wild-type. (H) Cisternal maturation event marked by Gea2-3XGFP converting into Sec7-6X DsRed is denoted in the movie panel. The arrowhead indicates Gea2 cisterna (green) getting converted to Sec7 (red). The time stamp is in min: s.
live imaging to determine maturation parameters. For this reason, we decided to proceed further with Gea2 as a marker to label compartments earlier than that are marked by Sec7.
Maturation frequency and homotypic fusion rate increased in the vps74 deletion mutant
The larger cisterna phenotype caused by Δvps74 can be rescued by overexpression of Vps74p (Fig. 2B,C) suggesting the expression of Vps74p can functionally complement the deletion phenotype. When we measured the maturation parameters, we observed an increase of maturation frequencies (Fig. 2E) . Although we see a significant increase in late cisternal homotypic fusion (Fig. 2F) , change in persistence time was not observed (Fig. 2G) . Changes in early cisterna parameters were nonsignificant.
Deletion of the Arf1-binding site of Vps74 increases the Golgi size
We analyzed the importance of Arf1 or COPI to Vps74p by creating the deletion of these specific domains of Vps74p that bind Arf1 or COPI. Vps74p exhibit COPI-interacting arginine residues at position 6-8 and an Arf1-interacting region at 67-345 positions [32] (Fig. S1C) . To understand the role of COP1-interacting domain of Vps74p in Golgi size regulation, we created a strain which was overexpressing VPS74, harboring a mutation in the putative COPI-interacting domain (with alanine residues at 6-8 positions instead of arginine) in Δvps74 strain (Fig. S2B) . The cisterna size is increased as compared to wild-type, suggesting the importance of the COPI interaction (Fig. S2C) . To understand the role of Arf1-interacting domain of Vps74p in Golgi size regulation, we deleted Arf1-interacting region from endogenous VPS74, and created D (67-345)vps74 strain in Gea2-3XGFP and Sec7-6XDsRed background (Fig. S2A) and measured the cisterna size (Fig. S2C) . The result indicates a double fold increase in late cisterna size suggesting the importance of Vps74 and Arf1 interaction.
ARF1 deletion alters Vps74 distribution along Golgi stacks
However, since the Arf1-binding domain encompasses almost the entire protein, one may argue such an experimental result is not conclusive. To validate whether Arf1 is required to localize Vps74p to the Golgi membrane, we demonstrated that in the absence of Arf1, 3XGFP-Vps74p localizes entirely to the Golgi membrane tagged with Sec7-6XDsRed (Fig. S3B) . While in the presence of Arf1, clear nonoverlap of Vps74 and Sec7 signals were visible (Fig. S3A ). Pearson's coefficient for colocalization of Vps74 with Sec7 cisterna compartment in Δarf1 is more as compared to the wild-type (Fig. S3C) . In addition to Sec7-labeled late cisternal spots coalescing into fewer and larger spots in Δarf1, we observed an increase in localization of Vps74 in these Sec7 cisternae as compared to the wild-type. These results suggest that ARF1 deletion destroys the Vps74p distribution pattern throughout the Golgi. Alternatively, in other words, Arf1 possibly is responsible for Vps74p gradient along the Golgi, suggesting that size regulation by Vps74p is Arf1-dependent.
Arf1 can suppress cisternal enlargement phenotype of Δvps74, but Vps74p cannot suppress the cisternal enlargement phenotype of Δarf1
To see whether Arf1 and Vps74p function in coordination to regulate the Golgi size, we created a double knockout for Arf1 and Vps74p. Representative images Fig. 3 . Arf1 can suppress vps74 null phenotype, but Vps74 cannot suppress arf1 null phenotype. (A) Wild-type, Δvps74, and Δvps74/ARF1 overexpression strains expressing Gea2-3XGFP and Sec7-6XDsRed were grown at 30°C until log phase. Confocal images were captured using a Leica SP8 microscope under 63X objective with zoom factor 10 and single optical Z spacing of 0.3 lm. Images were deconvoluted by Huygens pro, projected by IMAGEJ. Representative image of the strains is shown. Scale bar is 1 lm. (B) The average volume (N = 60) and diameter (N = 10) of early cisterna Gea2-3XGFP and Sec7-6XDsRed in wild-type, Dvps74, and Δvps74/ARF1 overexpression were compared quantitatively. Error bar indicates SEM (standard error mean). The Sec7 cisterna volume and diameter in Δvps74/ARF1 overexpression was reduced prominently (P = 0.0033 for volume and P < 0.0001 for diameter) to wild-type. (C) Wild-type, Darf1, and Δarf1/VPS74 overexpression strains expressing Gea2-3XGFP and Sec7-6XDsRed were grown at 30°C until log phase. Confocal images were captured using a Leica SP8 microscope under 63X objective with zoom factor 10 and single optical Z spacing of 0.3 lm. Images were deconvoluted by Huygens pro, projected by IMAGEJ. Representative images of the strains are shown. Scale bar is 1 lm. (D) The graph is plotted for average volume (N = 60) and diameter (N = 10) of Gea2 and Sec7 cisterna in wild-type, Darf1, and Δarf1/VPS74 overexpression. Error bar indicates SEM.
of wild-type, Dvps74, Δarf1, and double knockout mutant Darf1 Dvps74 shows that late cisterna size was prominently bigger in the double mutant as compared to single knockout Dvps74 (Fig. S6 ). In the (Δarf1Δvp-s74) double knockout strain, a twofold increase of late cisterna size was observed as compared to Dvps74 (Fig. S6B) . However, there was no significant change in cisternae size and volume between Darf1Dvps74 and Darf1.
We have previously shown that ARF1 knockout alone also results in increased cisternal size [1] . Between ARF1 and VPS74, when we deleted only one of them and overexpressed the other to check for any phenotypic suppression, we found quite opposing results. Overexpression of Arf1 protein in Dvps74 strain could rescue the enlarged Golgi phenotype to wild-type (Fig. 3A,B) . Δarf1 exhibit fewer and larger Golgi cisterna [1, 28] and delayed clathrin adaptor formation [33] . The cisterna volume and size in Δarf1 is higher than Δvps74 (Fig. S4) . The enlarged phenotype of Golgi cisterna is predominant and thereby Vps74p overexpression fails to restore the Golgi phenotype in Darf1 strain (Fig. 3C,D) . Overexpression of Arf1 also can suppress the increase in maturation frequency caused by Δvps74 (Fig. 5A) . However, overexpression of Vps74p can suppress the decrease of maturation frequency observed in Darf1 strain as well (Fig. 5B) . These results suggest that Vps74p possibly function downstream to Arf1 in the pathway of Golgi cisternal size regulation and it possibly exerts such regulation through controlling the rate of cisternal maturation itself. Fig. 4 . Effect of overexpressing Arf1 and Vps74 in the wild-type strain. (A) Wild-type and WT/ARF1 overexpression plasmid strain expressing Gea2-3XGFP and Sec7-6XDsRed were grown at 30°C until log phase. Confocal images were captured using a Leica SP8 microscope under 63X objective with zoom factor 10 and single optical Z spacing of 0.3 lm. Representative images of the strains are shown. Scale bar is 1 lm. (B) The average volume (N = 60) and diameter (N = 10) of Gea2 and Sec7 cisterna for wild-type and WT/ ARF1 overexpression strains were quantified. Error bar is SEM (standard error mean). (C) Wild-type and WT/VPS74 overexpression strain expressing Gea2-3XGFP and Sec7-6XDsRed were grown at 30°C until log phase. Confocal images were captured using a Leica SP8 microscope under 63X objective with zoom factor 10 and single optical Z spacing of 0.3 lm. Images were deconvoluted by Huygens pro, projected by IMAGEJ. Representative images of the strains are shown. Scale bar is 1 lm. (D) The average volume (N = 60) and diameter (N = 10) of early and late Golgi marker for wild-type and WT/VPS74 overexpression strains were quantified. Error bar is SEM (standard error mean). (E) The percentage fold graph for average cisterna volume of wild-type and WT/VPS74 overexpression strains were calculated. It illustrates a 25% reduction of Sec7 cisterna volume in WT/VPS74 overexpression. WT is considered 100%.
Overexpression of Vps74p in wild-type causes Golgi to shrink while overexpression of Arf1 does not affect wild-type Golgi size
Arf1 overexpression suppressed the large Golgi phenotype observed in Dvps74 strain (Fig. 3A,B) . We found that Arf1 overexpression in wild-type strain did not alter the early or late Golgi cisterna size (Fig. 4A,B) .
However, the overexpression of Vps74p in wild-type strain had shown a slight decrease in the late Golgi cisternal size as compared to wild-type (Fig. 4C-E) . It shows congruency with observations in dual color strain labeled with Rer1 and Sec7 cisterna as well ( Fig. S4 and S5) .
Overexpression of Vps74 or Arf1 in wild-type did not significantly alter maturation frequency (Fig. 5A,  B) .
Deletion of ARF1 alter PI4P distribution along Golgi stacks
The ultrastructure of Golgi morphology obtained for pik1 ts was reported to be similar to Δarf1 [27] . Recruitment of PtdIns 4-kinase to Golgi membrane is Arf1-dependent [26] , while Vps74 is an effector of PI4P. It is reported that lack of Arf1 results in slow accumulation of PI4P in the large coalesced Golgi elements [33] .
All this information suggests that it is possible that lack of Arf1 affects the distribution of Golgi associated PI4P. To investigate whether Δarf1 indeed altered the PI4P distribution across the Golgi compartment, we performed colocalization studies of PI4P marker and Golgi marker. Colocalization of PI4P marker, GFP-PH OSH1 with Sec7-6XmCherry, and mCherry-PH OSH1 with Gea2-3XGFP was analyzed. The lack of Arf1 showed an increased accumulation of PI4P marker PH OSH1 with Sec7 cisterna as compared to wild-type (Fig. 6A) . Average Pearson's coefficient for colocalization of PI4P and Sec7 in Δarf1 was observed to be higher than in wild-type (Fig. 6B) . However, there was no such colocalization observed for PH OSH1 with Gea2 cisterna (Fig. 6C) . It is also reported that most of the Sec7 and PI4P are located in compartments other than Gea2 [34] . PI4P is located in a different compartment other than Gea2 [34] which is also supported from our observation of reduced average Pearson's coefficient between PI4P and Gea2 than with Sec7 (Fig. 6B,D) . The colocalization between PH OSH1 and Gea2 in Δarf1 was The comparative plot for cisterna maturation parameters like cisterna number, homotypic fusion frequency, persistence time, and maturation frequency are represented for strains wild-type, Δvps74, Δvps74/ARF1 overexpression, WT/VPS74 overexpression and in (B) for wild-type, Δarf1, Δarf1/VPS74 overexpression, WT/ARF1 overexpression. Overexpression is denoted by OE. 4D movies were taken using Leica SP8 using 100X objective with scan frame 512 9 128 and zoom factor 5. N = 10 movies.
also reduced as compared to wild-type (Fig. 6D) . Percent fold change (Fig. 6E) for average Pearson's coefficient also represents the increased localization of PI4P with late Golgi in the mutants. PtdIns 4-kinase recruitment to Golgi membrane is Arf1-dependent [26] . The Vps74p level has been reported to follow a gradient being highest in early Golgi and lowest in late Golgi [35] . In case of Δarf1, we observed increased colocalization of PI4P with late cisterna (Fig. 6A,B) , and may be due to this disturbed PI4P gradient Vps74 colocalizes more with Sec7 cisterna in Δarf1 (Fig. S3 ) in order to maintain Golgi homeostasis. These results suggest Arf1 possibly is directly or indirectly responsible for maintaining such a distribution gradient of Vps74p in Golgi.
Deletion of VPS74 alter PI4P distribution along the Golgi stacks PI4P colocalization with Sec7 had also increased in Δvps74 (Fig. 6A,B) . Vps74 regulates PI4P-dependent retrograde transport of specific Golgi-resident enzymes [20] . The plausible reason for the increase in PI4P colocalization is probably due to the absence of functional Vps74 in case of Δvps74. The colocalization of PI4P with Gea2 in Δvps74 was lesser than with Sec7 (Fig. 6B,D) . The colocalization of PI4P and Gea2 in Δvps74 is relatively lower as compared to wild-type (Fig. 6C,D) . This result demonstrates that the PI4P distribution along the Golgi compartments changes in Δvps74 mutant as compared to the wild-type. A previous study [35] had reported no effect of VPS74 depletion on PI4P in the Sec7-positive compartments. We believe the difference in methodology could be the primary reason for the difference in data for the PI4P level in the Sec7-positive compartment. However, the same study [35] did report an increase of PI4P level in medial Golgi compartments, and a slight decrease in the early compartment, an observation similar to our results-alteration of PI4P distribution along the Golgi compartments.
Concerning PI4P levels, we observed that the levels of PI4P colocalization with Sec7 or Gea2 in Δvps74/ ARF1 overexpression and Δarf1/VPS74 overexpression are almost similar to the mutants Δvps74 and Δarf1, respectively (Fig. 6) .
Golgi PI4P pool in yeast is generated by a conserved type IIIb PI4-kinase, Pik1. It is required for secretion and Golgi integrity [27, 36] . Earlier we demonstrated PI4P levels in Δarf1 and Δvps74. Conditional mutation of PIK1 can disturb the phospholipid pool, PI4P [37] which is required for regulation of vesicle budding machinery and membrane dynamics at Golgi [16] . Thus, the effect of the pik1-83 ts mutation on Sec7 and Vrg4 cisterna was observed in permissive and nonpermissive conditions. We observed that pik1-83 ts mutants on subjection to nonpermissive condition altered Vrg4-labeled cisterna. (Fig. S7) . However, prominent alteration on Sec7 cisterna was not observed in nonpermissive conditions (Fig. S7) .
Discussion
In the present study, we for the first-time reporting that Vps74p regulates Golgi size by regulating Golgi cisternal maturation and homotypic fusions, maintaining PI4P distribution and effectively regulating retrograde fission efficiency. In our study, we have shown that VPS74 deletion caused an increase in trans cisterna size, cisternal maturation frequencies, as well as late cisterna homotypic fusion frequencies. However, its function in regulating maturation frequencies seems redundant since its absence does not jeopardize the maturation process, and cells are also viable. Overexpression of Arf1 can suppress the increase in cisternal size and maturation frequency in Δvps74, but overexpression of Vps74p fails to suppress cisternal size enlargement of Darf1. Overexpression of Vps74p caused a slight reduction in the trans cisterna size in the wild-type strain. Probably Arf1 overexpression in Δvps74 might have increased the process of clathrin-associated budding dynamics which in turn may rescue the large late cisterna size phenotype of Δvps74. Arf1 is required for clathrin coat assembly from the TGN [33, [38] [39] [40] [41] [42] . Assembly of clathrin adaptors in Δarf1 was delayed [33] . Clathrin adaptor recruitment on TGN is Arf1-and PI4P-dependent process. However, fewer and larger Golgi cisternae observed in Darf1 phenotype [1, 28] is dominant and probably for that reason overexpression of Vps74p fails to rescue Δarf1 phenotype.
We found that Δarf1 deletion alters Vps74p distribution along Golgi stacks suggesting that Arf1 regulates Vps74 gradient along Golgi. Arf1 is required for recruitment of PtdIns4-kinase Pik1, and lack of Arf1 affects total cellular PI4P levels [26, 27] . We also observed an increased localization of PI4P marker PH OSH1 with Sec7 cisterna in case of Δarf1. Probably this alteration of PI4P distribution in Δarf1 is a direct result or cause for alteration of Vps74p distribution along Golgi in Δarf1 cells. It is to be noted that both Δarf1 deletion and Δvps74 causes alteration of PI4P distribution along Golgi stacks. We found the localization of PI4P marker PH OSH1 had slightly increased with Sec7 cisterna in Δvps74. This result suggests both Arf1 and Vps74p regulate PI4P gradient although the former may function quite upstream than the latter in such regulatory pathway. Pik1 associates functionally for production of Golgi associated PI4P in yeast. The pik1 ts mutation affects secretion and Golgi integrity [27, 36] . We did observed enlargement of early cisterna for pik1-83 ts at the nonpermissive condition.
It appears that multifunctional Arf1 can regulate Golgi size in multiple ways through its various effectors, Vps74p being one of them. Our result shows Arf1 maintains the gradient of Vps74p. It is already known that Arf1 recruits Pik1 [27] which along with Vps74p and Sac1 maintains the gradient of PI4P along the Golgi. Our result confirms that Vps74p maintains the gradient of PI4P along Golgi. Pik1 mutation alters the PI4P gradient and affects the Golgi morphology. All these observations suggest that Vps74p, being an Arf1 effector, functions downstream of Arf1 in the pathway of Golgi size regulation.
Vps74p regulates Golgi size by maintaining PI4P gradient and effectively promoting retrograde fission of PI4P vesicles from TGN. In normal condition, Vps74p and SacI distribution along Golgi stacks follow a gradient diminishing in the direction of maturation, i.e., higher at early cisterna and lowest at TGN. Pik1 forms a gradient against the direction of maturation, i.e., highest at TGN and lowest at early cisterna. These two opposing distribution gradients maintain phosphorylation and dephosphorylation level of PI4P. PI4P is found highest at TGN, and lowest in the opposing direction. Vps74p remains in complexed form with SacI mostly in the early cisterna and the uncomplexed form mostly at TGN. Vps74-SacI complex dephosphorylate the PI4P, and Pik1 phosphorylates PtdIns to create PI4P. Uncomplexed Vps74 can recruit these PI4Ps at TGN to budding vesicles in the retrograde direction, thereby promoting fission. A well-balanced ratio of amounts of complexed (with SacI) and uncomplexed Vps74p, controls the dephosphorylation and phosphorylation balance of PI4P and thereby control PI4P level at TGN and retrograde fission efficiency. Fig. 7 . A hypothetical model explaining the role of Vps74 in regulating Golgi Size. The early, medial, and late Golgi compartment is depicted by green, yellow, and red oval compartments. The lower curved black arrow represents Vps74-mediated retrograde transport, while upper curved black arrow shows the anterograde transport. In Δvps74, the amount of retrograde transport decreases, causing enlarged late cisterna. In the case of Vps74 overexpression in the wild-type strain, the enhanced fission events might cause a slight reduction in the late cisterna.
In Δvps74 condition, dephosphorylation of PI4P by Vps74-SacI complex is expected to stop, recruitment of PI4P by uncomplexed Vps74p in budding vesicles are expected to stop, thereby retrograde fission is diminished. The PI4P gradient is collapsed, and TGN gets saturated with unused PI4P. The absence of Vps74p decreases the number of budding reactions so as the fission at TGN [16] . Due to lack of fission, we experimentally observe the enlarged TGN (Fig. 7) . A question may arise why do we see an increase in maturation frequency in Δvps74. In addition to the previously published reports, our results suggest that Vps74p is a critical player in regulating the retrograde traffic. By controlling PI4P vesicles budding, it controls the retrograde traffic rate. The net effect of retrograde and anterograde traffic rate determines the maturation rate. Maturation frequencies reflect the combinatorial net effect of these two opposing trafficking rates. In the absence of Vps74p, retrograde traffic rate dramatically diminishes, while anterograde traffic rate remains unchanged, as evidenced by somewhat increased homotypic fusions. As a result, early compartments mature faster, hence the increase in the maturation frequencies. Our model suggests that Vps74p regulate cisternal maturation by maintaining the PI4P distribution and regulating retrograde fission efficiency.
Our model (Fig. 7) also suggests a stoichiometric amount of Vps74p in Golgi is vital for its size regulation and is inversely proportional to the cisternal size to some extent. The overexpression of Vps74p in wildtype increases the amount of uncomplexed Vps74p at TGN, causing the higher budding efficiency of PI4P vesicles at TGN. That results in the observed decrease in the size of Sec7 marked compartments (Fig. 7) . This view is also supported by the observation that for the wild-type strain overexpressing Vps74p, persistence time of late cisterna is also reduced (Fig. 5A) , suggesting a faster budding rate at TGN.
Overexpression of Arf1 in Δvps74 can rescue the size phenotype primarily recruiting a combination of other effectors, possibly as suggested before, by increasing the process of clathrin-associated budding dynamics or even partially restoring the PI4P gradient by other redundant effectors. However, it cannot restore the function of Vps74p completely to maintain the PI4P gradient, as Vps74p is one of the essential factors for maintaining the PI4P gradient. So, it cannot restore the gradient as like normal condition. However, it can restore the cisternal size through some other unknown effectors through their unknown mechanism. That is what we observed experimentally.
Taken all together into account, we can conclude these: Multifunctional Arf1 can regulate Golgi size in multiple ways through its many effectors. Vps74p, being one such effector, regulates the PI4P distribution along Golgi stacks. This function, in turn, regulates the retrograde traffic rate which in turn controls the maturation frequencies and the homotypic fusion. Through this cascade of chain events, Vps74p regulates the Golgi size, all along functioning downstream of Arf1.
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